1.
Experimental details
General experimental details
All moisture and air sensitive materials were manipulated using standard Schlenk-line techniques and stored in dinitrogen filled MBraun gloveboxes. All glassware was dried in a 160 °C oven overnight, cooled under vacuum and purged with nitrogen before use. Tetrahydrofuran, toluene and hexane were collected from a Vac Atmospheres solvent purification system, degassed and stored over activated 4 Å molecular sieves under dinitrogen. Prior to collection the solvent was cycled over a drying column containing molecular sieves for 12 hours. 1,4-Dioxane was refluxed over sodium for three days, distilled and collected into an ampoule containing 4 Å molecular sieves. Toluene-d 8 , benzene-d 6 and tetrahydrofuran-d 8 were degassed, refluxed over potassium for 24 hours and distilled by trap to trap distillation under static vacuum prior to use. All solvents were purchased from Sigma-Aldrich or Fisher Scientific and purified and dried before use. 1 H, 13 C, and 29 Si and 199 Hg(71.309 MHz) NMR spectra were recorded on Bruker AVA400, AVA500, or PRO500 spectrometers at 298 K unless otherwise specified. All 1 H NMR and 13 C NMR spectra were referenced relative to external SiMe 4 at 0 ppm, internal residual solvent H atoms; benzene-d 6 (7.16 ppm); toluene-d 8 ( with an X-band high-power, low-noise Dual-Gunn oscillator bridge and a high sensitivity cylindrical mode cavity and a nitrogen/helium cryostat. CeCl 3 •7H 2 O was purchased from Sigma-Aldrich and dried with excess SiMe 3 Cl in THF to yield anhydrous CeCl 3 (THF) n . The number of coordinated THF molecules was determined by quantitative 1 H NMR spectroscopy with an internal reference. NaN′′, 1 KBn, 2 KN′′, 3 LiN′′ 4 and the tetraphenol proligands H 4 (pTP R ) (R = Me, t Bu) 5 were synthesised according to literature methods. All commercially available solid reagents for use in air sensitive reactions were dried under vacuum for a minimum of 12 hours or used as received. HgI 2 , I 2 and CuCl 2 were purchased from Sigma-Aldrich and were used without further purification.
Single crystal X-ray crystallography data were collected using an Oxford Diffraction Excalibur Eos diffractometer with Mo Κα radiation at 170(2) K. All structures were solved using SHELXT and leastsquares refinement using SHELXL in Olex2. [6] [7] [8] Absorption corrections were applied using Crysalis PRO 1.171.38.42b (Rigaku Oxford Diffraction, 2015) or 1.171.37.34 (Agilent Technologies, 2014) software. Unless otherwise stated, all non-hydrogen atoms refined with anisotropic displacement parameters and hydrogen atoms were placed and refined using a riding model. Complex 1 Me 1.268 g (5 mmol) was dissolved in 10 ml of THF and was then slowly added (over 2 mins) to THF suspension of CeCl 3 (THF) 2 0.392 g (10 mmol) with stirring. The white suspension was left to stir overnight at room temperature. The afforded cloudy suspension was the filtered off and the pale yellow filtrate was collected and the solvents of the solution were removed under reduced pressure to afford a colourless oily residue. Hexane was then added to precipitate the product 2 Me , [K(THF) 5 ][KCe 2 (pTP Me ) 2 (THF) 4 ] as a white powder which was collected by filtration and then washed with hexane and dried under reduced pressure. Yield: 1.43 g (85%). Colourless crystals of 2 Me were grown from a concentrated THF solution at -30 °C 4 ] Following an analogous procedure to 2 Me , the reaction of 0.924 g (1 mmol) of H 4 (pTP tBu ) and 0.802 g (1 mmol) of KN(SiMe 3 ) 2 resulted in a yellow solution of [K 4 (pTP tBu )] 2 complex which was stirred for 2 hours and was then added to the THF suspension of CeCl 3 (THF) 2 0.392 g (1 mmol) to afford 2 tBu , [K(THF) 5 A Schlenk was charged with 18-crown-6 (0.028 g, 0.11 mmol), 2 Me (0.237 g, 0.1 mmol) and THF (5 ml), and the mixture was stirred for 2 hours. 5 mL of hexane was added to the solution and the flask was stored at -30 °C . Colourless crystals of 2 Me -cr, [K(18-crown-6) 3 (s, 2H, benzylic-CH), 2.03 (s, 36H, t Bu), 0.20 (s, 36H, t Bu). 13 A sample of 0.185 g (1 mmol) of Ce(BH 4 ) 3 reacts with 0.041 g (0.5 mmol) of H 4 (pTP tBu ) in THF with borane acceptors (P(Cy) 3 , P(Ph) 3 or DABCO) to liberate hydrogen gas as verified by 1 H NMR spectroscopy. Monitoring these reactions by NMR spectroscopy shows that each reaction takes around 5 days to reach completion. The NMR spectra of the final product mixtures are similar and contain a set of paramagnetically shifted ligand resonances, regardless of the borane acceptor but also contain some unidentified by-products that could not be separated. Attempts to crystallize the resulting products resulted in the crystallization of the borane adduct, but yields could not be determined with confidence. To a stirred THF (5 mL) solution of 0.256 g (0.1 mmol) complex 2 tBu -Ce was added over a few minutes a THF slurry of an equimolar quantity of oxidant: Cu(OTf) 2 (0.0362 g, 0.1 mmol), CuCl 2, or I 2 . In each case, the solution colour changed to dark blue/purple immediately, and salts were precipitated. These salts were removed by centrifugation and the supernatant dried in vacuo. Hexane was added to the paste, and the resulting blue powder isolated, dried, and characterised as 4 tBu , [Ce 2 (pTP tBu ) 2 (THF) 4 ]. Single crystals were grown by slow diffusion of hexane into a THF solution. Yield: 0.174 g, 72 %. The reaction of 2 tBu -Ce with HgCl 2 was carried out at -30 °C . A vial was charged with 0.02850 g (0.01 mmol) 2 tBu -Ce in THF-d 8 and was cooled to -30 °C . A cold THF-d 8 solution of 2 eq. of HgX 2 (X = Cl, OAc) was then added into the solution of 2 tBu -Ce with stirring. The colour of the solution changed to dark brown and was then transferred to a Young's tapped NMR tube. The 1 H NMR spectrum was In the reaction with two equivalents of HgCl 2 at -30 °C, paramagnetic shifts at 13.04, 10.86 9.8 and -1.93 ppm etc. are observed which suggest the possible formation of new products (a, Figure S7) . Given the paramagnetic 1 H NMR spectrum, an intermediate which contains Ce III ions and Hg II ions can still be deduced. No resonance for Hg could be found in the range from +3300 to -3300 ppm in the 199 Hg NMR spectrum, suggesting the cation is closely associated with the paramagnetic complex. These paramagnetically shifted products transformed to diamagnetic species when warmed up to room temperature. As shown in Figure S7 , two complexes can be identified upon warming. One set of the resonances (marked with an asterisk) are identified as to those of 4 tBu (d) whilst the other species is a by-product that has not been be determined (b, Figure S7) . The reaction using only one equivalent of HgCl 2 at room temperature affords the same product, leaving half equivalent of K 2 L 2 Ce 2 unreacted. The reaction of 2 tBu -Ce with one equivalent of Hg(OAc) 2 at -30 °C takes 8 hours to reach completion. The 1 H NMR spectrum of the product (c, Figure 7) shows different resonances to any of those species discussed above. After compared with the NMR spectrum of 4 tBu and the starting material 2 tBu -Ce, the diamagnetic resonances suggest the formation of a new Ce IV complex.
Synthesis of complexes
General procedure: To a stirring THF (5 mL) solution of 0.286 g (0.1 mmol) 2 tBu -Ce was slowly added a THF solution of oxidants. The mixture was allowed to stir for 2 hours. The salt by-products were removed by centrifugation and the supernatant evaporated to dryness under reduced pressure. Hexane (5 ml) was added to the paste to triturate, then after further drying under reduced pressure, the resulting powder was collected and dried in vacuo. a: 1,4-benzoquinone 0.0108 g (0.1 mmol). Dark brown/purple solution and dark brown solid obtained after work up. 1 H NMR (500 MHz, THF-d 8 ) δ 7.28 (s, 4H, Ar), 7.00 (s, 4H, Ar), 6.86 (s, 4H, Ar), 5.97 (s, 4H, Ar), 1.45 (br s, 18H, t Bu), 1.22 (s, 18H, t Bu), 1.13 (s, 18H, t Bu), 1.11 -0.96 (br s, 9H, t Bu). UV-vis: λ max = 513 nm b: O 2 . A Young's NMR tube was charged with a THF-d 8 (1 mL) solution of 0.143 g (0.05 mmol) 2 tBu -Ce . The NMR tube was then degassed. Dry air was passed through a drying column and was added to the solution at a pressure of 1 atm. The colour of the solution changed to red-brown immediately. The NMR tube was then vigorously shaken and the mixture was open to dried air for 1 min. The generated salts were removed by centrifugation and the solution isolated and dried under reduced pressure. A THF (7 mL) solution of 0.296 g (0.1 mmol) complex 2 tBu -Pr was added a THF (3 ml) solution of 0.013g (0.1 mmol) I 2 . The brown solution was then heated for 8 hours in an oil bath at 60 °C. Upon heating, the solution gradually changed to dark green. After filtration, the green solution was transferred to an ampoule to remove volatiles under reduced pressure. Hexane was then added to the green paste to afford a colourless powder which was filtered and washed with more hexane and then dried under reduced pressure. The green hexane filtrate and washings were collected and combined. Removal of volatiles afforded a green solid. Crystals of complex 5 were grown by slow diffusion of hexane into a THF solution of the green solid. Yield: 0.103 g, 29%.
Colourless residue (oxidation A THF solution (7ml) of 0.325 g (0.128 mmol) complex 3 tBu -Pr was cooled to -35 °C in the freezer. A THF suspension of XeF 2 (0.022 g, 0.128 mmol) was then added to this solution with stirring at -35 °C. The colour of the solution changed gradually to green when solid of XeF 2 disappeared after stirring for 30 min. The volatiles of the solution were then removed at reduced pressure, affording green oily paste. Hexane was added to the paste and stirred for 10 min to extract organic product which was then decanted from the residue. Colourless crystals of product bicyclic ether A were grow from the concentrated hexane solution at room temperature. 9 Yield: 0.119 g, 25%.
EPR spectra of powdered 2 tBu -Ce
Figure S10: EPR spectrum of powdered 2 tBu -Ce, a) 298 K, b) 97K, c) 9 K. At 97 K the EPR spectrum shows a broadened spectrum in which the only observable transition is assigned as a g-parallel signal is to much higher field and not observed and an impurity is visible as a sharp peak at g = 2.013. 6 ]. The return oxidation wave at E pa = -0.23 V is attributed to the oxidation of a different, as yet unidentified complex that is formed at the electrode during the reduction cycle.
HERFD methods

High-energy-resolution fluorescence detection (HERFD) X-ray absorption spectroscopy measurements at the Ce L III absorption edge (5723 eV) were collected at beamline 6-2 of the Stanford Synchrotron Radiation Lightsource using a 7-crystal Johann type spectrometer 10 with Ge(331) analyzer crystals and a Si(311) monochromator. The beam size used for measurement was 200 μm x 400 μm.
The energy was calibrated to a CeO 2 powder standard and data collected at the maximum intensity of the Ce Lα emission line (4840.2 eV). Data was processed using Athena, part of the IFEFFIT package, 11 which included background subtraction and normalization using the AUTOBK algorithm. Samples were prepared for measurement by first mixing with dry boron nitride and then packing them into a slotted aluminum holder sealed with indium and mylar windows. Given the air-sensitive nature of the samples, the sealed holder was kept under argon until measurement and exposed to air for less than one minute during transfer to vacuum with a helium backflow. Samples were measured at 50 K using a liquid He-cooled cryostat. To test for potential oxidation during the transfer process, an easily oxidizable complex (CeCp tet 3 ) was measured along with the samples.
Crystallographic details
X-ray diffraction data for all complexes were recorded on an Excalibur Eos diffractometer at 170(2) K using Mo Kα radiation. All structures were solved using SHELXT 12 and least-square refined using SHELXL 8 in Olex2. 13 H atoms were treated by constrained refinement. Figure S15 . Solid state structure of complex 3-Pr. Thermal ellipsoids are shown at 30% probability. All hydrogen atoms and solvents are omitted for clarity. Figure S16 . Solid state structure of the bicyclic ether from reaction of complex 2 tBu -Pr with I 2 .Thermal ellipsoids are shown at 30% probability. All hydrogen atoms are omitted for clarity. 
